In order to make clear crystallization process of silicates in circumstellar environments of oxygen-rich young stars, we have performed laboratory experiments on crystallization of a silicate material by use of a synthetic sample with the chondritic composition for the first time. The aim of this work is to analyze the crystallization process quantitatively using the amorphous material with the chondritic composition. The starting amorphous material was synthesized by the sol-gel method. The sample was heated at 660 Y1200 C for 0.5Y12 hr to investigate the temperature and time dependence of the crystallization. The run products were analyzed using infrared absorption spectroscopy, X-ray diffraction, scanning electron microscopy and transmission electron microscopy. Olivine [(Mg, Fe) 2 SiO 4 ] was mainly crystallized from the starting amorphous material. We performed infrared spectral fittings of the heated samples using individual spectra of olivine and amorphous silicate, and estimated the degree of crystallization quantitatively. The time-dependent crystallization process could be formulated using the Johnson-Mehl-Avrami equation with the power of about 1.2, which is consistent with theoretical crystallization model of three-dimensional diffusion-controlled growth from a state that a number of nuclei is constant. The constant number of nuclei corresponds to the starting material, which contains crystallites of magnetite (Fe 3 O 4 ) and ferrihydrite (5Fe 2 O 3 Á 9H 2 O) as nucleation sites of olivine crystals. From the quantitative analyses, we suggest that crystallization processes in circumstellar regions should depend on properties of the interstellar amorphous silicates such as existence of crystallites and/or FeO content.
INTRODUCTION
Infrared spectroscopic observations (e.g., Infrared Space Observatory [ISO] , Subaru Telescope) have revealed the existence of crystalline silicate dust (e.g., olivine [(Mg, Fe) 2 SiO 4 ], pyroxene [(Mg, Fe, Ca) SiO 3 ]) in comets and circumstellar environments around young and evolved stars (e.g., Hanner et al. 1994; Waelkens et al. 1996; Waters et al. 1996) . In contrast to the cometary and circumstellar dust, it is believed that interstellar silicate dust is almost completely amorphous (Kemper et al. 2004) . Therefore, interstellar amorphous silicate dust is considered to be a precursor material for crystalline silicates, both in circumstellar regions of young stars and in the solar nebula. In order to understand the crystallization process and its conditions, a fundamental investigation of crystallization kinetics is required, based on crystallization experiments of amorphous silicates in the laboratory.
So far, many crystallization experiments have been performed by heating amorphous Mg silicates, which have been synthesized by different methods. Hallenbeck et al. (1998) carried out crystallization experiments using amorphous Mg silicate smoke, which was synthesized at 770 K from Mg metal placed in the furnace tube with a flowing gas mixture of SiH 4 , O 2 , and He at a total pressure of 80 torr. They observed by IR measurements that forsterite (Mg 2 SiO 4 ) and tridymite (SiO 2 ) were crystallized from the smoke. Rietmeijer et al. (2002) examined the starting smoke by transmission electron microscopy (TEM ) and found that it included amorphous silicates, forsterite, tridymite, and periclase (MgO). Fabian et al. (2000) reported on the IR spectral evolution through the crystallization process of glass with enstatite (MgSiO 3 ) composition, and amorphous smoke synthesized by laser ablation of enstatite and forsterite. Orthoenstatite was crystallized from the enstatite glass, and forsterite was crystallized from both types of smoke. Both kinds of smoke were partially crystallized before annealing, and the glass sample did not show crystalline nucleation. Jäger et al. (2003) synthesized amorphous Mg silicates with different Mg/Si ratios by the sol-gel method, and by IR measurements observed crystallization of forsterite and enstatite. They describe in their paper that the homogeneity and purity of the amorphous samples were confirmed by TEM analyses. Thompson et al. (2002) also synthesized amorphous silicates with enstatite composition by the sol-gel method and performed crystallization experiments, and X-ray diffraction (XRD) patterns of forsterite were observed by an XRD method using synchrotron radiation. They suggested, based on the XRD analysis, that their starting amorphous sample was partially crystallized to forsterite. Experimental studies of gas-to-solid condensation, another possible source of circumstellar crystalline silicate materials, have also been made ( Toppani et al. 2006) .
The crystallization experiments mentioned above were performed using Mg silicates with simple compositions in the system of Mg-Si-O. However, in general, if the solar abundance is considered, the chemical composition of amorphous silicates in circumstellar environments must be more complicated. Anhydrous chondritic porous interplanetary dust particles (IDPs), which are considered to be of cometary origin (and also usually considered to preserve the building blocks of the solar system) have an almost chondritic chemical composition (Bradley 1994a) . They contain submicron-scale amorphous silicate grains, called ''glass with embedded metal and sulfide'' (GEMS), which are believed to have circumstellar origin, or an interstellar origin involving supernova shock waves (Westphal & Bradley 2004 ). The glass components of GEMS are not simple Mg silicates, but contain Fe, Ca, and Al as well (Bradley 1994b) .
Moreover, in the previous experiments, the degree of crystallization (the crystalline/amorphous ratio) of the heated samples has not been measured quantitatively. Information about the degree of crystallization as a function of time and temperature is critical to discussing crystallization timescale in circumstellar regions.
In this study, we synthesized a Fe-bearing amorphous silicate sample with CI chondritic composition by the sol-gel method as a circumstellar dust analog, and carried out crystallization experiments by heating the sample under controlled redox conditions. The starting material was analyzed with IR spectroscopy, XRD, and TEM. The heated samples were analyzed using IR, XRD, and scanning electron microscopy (SEM) methods to examine crystallization kinetics using the parameter of ''degree of crystallization,'' which was determined from the IR spectra.
EXPERIMENTAL PROCEDURE

Preparation of Starting Material
In previous experiments conducted in an astronomical context, amorphous silicates were synthesized by various methods, including quenching of melt, vapor condensation, and the sol-gel method (e.g., Dorschner et al. 1995; Hallenbeck et al. 1998; Fabian et al. 2000; Scott & Duley 1996; Jäger et al. 2003) . In this study, we required a sample of amorphous silicates with chondritic composition and a low density. Using the melt-quenching method, it is difficult to synthesize amorphous materials with MgO-and FeO-rich and SiO 2 -poor compositions. The vapor condensation method can give amorphous materials with a low density, but control of the chemical composition is difficult. Therefore, we adopted the sol-gel method in this study, since this method has the advantage of synthesizing a low-density amorphous silicate at relatively low temperature without evaporation of volatile elements, such as sodium.
The system of amorphous material used in this study is Na 2 OMgO-Al 2 O 3 -SiO 2 -CaO-FeO-NiO, with a CI chondritic composition. In general, iron is believed to form metal, sulfide, ferric, and/or ferrous silicates (or oxides) in the solar nebula. We can consider the two extreme cases; (1) all of the iron is divalent cation, forming amorphous silicates (the most FeO-rich silicate), and (2) all of the iron forms metal and/or sulfide, and is not contained in the silicate (FeO-free silicate). In this study, the former case was adopted to understand the crystallization process of FeO-bearing amorphous silicates.
In the first step of the sol-gel method, magnesium ribbon, iron powder, aluminum powder, calcium carbonate powder, sodium carbonate powder, and nickel powder were weighed to the CI chondritic ratio (Anders & Grevesse 1989 4 ], weighed to the chondritic ratio, was mixed into the solution. Ethanol was added as same volume as the nitrate solution. The solution was stirred by a stirrer magnet. Then, approximately 15% ammonia solution was added to the solution slowly while the solution was stirred. In a short while, the solution began to gel by hydrolysis of TEOS; it was settled for about 2 days at room temperature until it gelled well. The material obtained was dried in air and roughly ground in an agate mortar. Finally, the gel was heated at 400 C for 10 hr with a one-atmosphere gas-mixing furnace under the redox condition on the iron-wüstite buffer curve using a H 2 -CO 2 gas mixture in order not to oxidize divalent iron to trivalent.
Heating Experiments
Using a one-atmosphere gas-mixing furnace, heating experiments were carried out to investigate the temperature and time dependence of crystallization of the starting material. The starting material was heated at various temperatures for a constant duration (at 660 Y1200 C for 0.5 hr) and heated at a constant temperature for various durations (at 680 C for 0.5Y12 hr; see Table 1 ). In order not to oxidize the Fe 2+ cation, the oxygen partial pressure in the furnace was controlled on the iron-wüstite buffer curve using a H 2 -CO 2 gas mixture. The samples were cooled with cooling rates ranging from 20 to 30 K per minute. At such cooling rates, crystallization during cooling is negligible compared to crystallization at high constant temperatures, and can be ignored.
Characterization
The sample materials were analyzed by XRD, TEM, SEM, and infrared spectroscopy. For XRD analysis, the starting material and the run products of the heating experiments were mounted on a thin glass fiber of 5 m diameter with glycol phthalate as a glue. They were exposed to Mo K radiation (k ¼ 0:710688 8) and measured with an imaging plate diffractometer (Rigaku R-AXIS IV, Osaka University). They were also exposed to synchrotron radiation (k ¼ 2:1597 and 2.1599 8) and measured with a Gandolfi camera at beam line 3A in the Photon Factory Institute of Material Structure Science, High Energy Accelerator Research Organization (Nakamura et al. 2001) .
For TEM observation, the starting material was embedded in epoxy resin and microtomed by the Leitz-Reichert Super Nova ultramicrotome for TEM observation (JEOL JEM-2000FX II, Ibaraki University).
For SEM observation, the sample heated at 1200 C was embedded in epoxy resin and polished with diamond paste. Backscattered electron images and energy-dispersive X-ray spectra of the sample were obtained with a commercial scanning electron microscope (JSM-5510V, Osaka University) equipped with an energy-dispersive X-ray analysis system (EX-23000BU).
For infrared spectroscopic analysis, all samples were ground in an agate mortar for about 1 hr. The average diameter of the particles was less than 1 m. These samples were dispersed and embedded in potassium bromide for the mid-IR (1.4Y25 m) measurements and polyethylene for the far-IR (15Y200 m) measurements. IR absorption spectra were obtained with a Fourier transform IR spectrometer (Nicolet Nexus 670, Kyoto Pharmaceutical University). The measured wavenumber range and resolution were 7000Y50 cm À1 (1.4Y200 m) and 1.0 cm À1 , respectively. The mass absorption coefficient was obtained from the equation
where S is the cross section of the sample pellet, M is the mass of the sample in the sample pellet, and I 0 and I are the transmittance of a blank and sample pellet, respectively (Koike et al. 1993 ).
3. RESULTS
Starting Material
The XRD profile of the starting material shows a halo pattern around 12 in 2 (d ¼ 0:34 nm), which is due to amorphous materials ( Fig. 1 ). There are also some small and broad peaks, which are identified as magnetite (Fe 3 O 4 ) and ferrihydrite (5Fe 2 O 3 Á 9H 2 O). The broad features of the peaks indicate that the size of the crystallite is very small. ATEM image of the starting material shows very small fibrous crystals and globular crystals embedded in a matrix (Fig. 2) . The image is consistent with the XRD result: the fibrous crystal is ferrihydrite, the globular crystal is magnetite, and the matrix is amorphous silicates. Ferrihydrite might be formed during aging of the gel under wet conditions. Some ferrihydrite might be transformed to magnetite during drying at 400 C. In contrast to the XRD and TEM analyses, broad and smooth absorption features were observed at approximately 10 and 20 m in the IR spectrum of the starting material (Fig. 3) . The 10 and 20 m features are typical for amorphous silicates originated from SiÀO stretching and OÀSiÀO bending vibrational modes, respectively. The 10 m feature was located at 9.8 m (FWHM 1.8 m), and the mass absorption coefficient at the peak was 4260 cm 2 g À1 . The 20 m feature was located at 21.4 m (FWHM 11.0 m), and the mass absorption coefficient at the peak was 2710 cm 2 g À1 . An IR spectrum of magnetite has an absorption peak at 18 m ( Keller et al. 2002 ), but we could not recognize any peaks for magnetite in this spectrum. Peaks of ferrihydrite (Russell 1979) could not be identified, either. Therefore, we can conclude that the amounts of magnetite and ferrihydrite are much smaller than the amount of the amorphous silicate.
Temperature Dependence of Crystallization
Mineral phases of the heated samples were examined by synchrotron radiation-XRD (Fig. 4) . Olivine, magnesiowüstite [(Mg, Fe) O] and taenite [(Fe, Ni) ] were recognized at 680 C for 0.5 hr. Magnesiowüstite and taenite probably formed from magnetite and ferrihydrite by reduction. Olivine crystallized from the amorphous silicate. By heating at a higher temperature of 758 C, olivine, the small amount of taenite, and pyroxene crystallized. Pyroxene has orthorhombic or monoclinic unit cell symmetry. We can identified pyroxene in the sample at 1200 C as clinopyroxene, but the XRD patterns of the others did not allow a clear identification of the polymorphs. Magnesiowüstite was reduced to taenite at this temperature.
A back-scattered electron image, which indicates composition, of the sample heated at the highest temperature of 1200 C had three phases (Fig. 5 ), grains and very small bright particles embedded in a dark matrix, although we could not recognize any texture within the resolution limit of the SEM observation for the samples heated at the lower temperatures. The texture of the run product at 1200 C shows partial melting at the high temperature, above solidus (about 780 C, calculated by MELTS program). A typical energy-dispersive X-ray analysis of the grain indicated olivine composition, including magnesium, iron, and silicon, while the spectrum of the matrix showed sodium, aluminum, and calcium-rich composition, which olivine does not include. Considering the XRD result (Fig. 4) , the grains were olivine formed by partial melting and recrystallization, and the dark matrix was glass formed by partial melting and quenching. The small bright particles are taenite, which is consistent with the XRD study. The . Here mt = magnetite, fh = ferrihydrite. X-ray wavelength was k ¼ 0:710688 8. energy-dispersive X-ray analysis could not reveal presence of pyroxene. It seems from SEM and XRD analyses that the amount and size of pyroxene was very small. IR spectra of the samples heated at 660 Y1200 C for 0.5 hr are shown in Figure 6 . Sharp and prominent absorption peaks increase gradually from the broad amorphous features. By comparing with the IR spectra of olivine (Koike et al. 2003) , these peaks (at 9.2, 10.0, 10.3, 10.6, 11.3, 11.9, 16.5, 18.6, 19.8, 22.3, 24.3, 28.3, and 35 .1 m, 1200 C) were identified as olivine. Most of the peaks shifted to longer wavelength with increasing crystallization (Table 2) . Considering previous studies of the compositional effect of solid solution on peaks in the IR spectra (Koike et al. 2003; Chihara et al. 2002) , this peak shift indicates Fe enrichment in olivine through the crystallization process. By comparing peak positions of Koike et al. and this work, it was roughly estimated that the atomic Mg/(Mg+Fe) ratios of olivine changed from almost Mg end member to 0.8.
We cannot recognize a peak around 18 m for magnesiowüstite. Taenite has no infrared-active vibrational modes in the measured region. Two broad shoulders at 13.8 and 46.3 m in the IR spectrum of 1200 C originate from pyroxene (arrows in Fig. 6) . A large absorption peak at 9.5 m was also detected in the spectrum of 1200 C. Fabian et al. (2000) reported that a peak attributed to amorphous silica is recognized at 9.5 m after heating of amorphous Mg silicates. This IR feature is consistent with an Si-rich amorphous matrix (Fig. 5) . 
Time Dependence of Crystallization
The XRD patterns of the run products at 680 C show that olivine, magnesiowüstite, and taenite were crystallized by heating for 0.5 hr (Fig. 4) . The amount of olivine increased by heating, and magnesiowüstite was reduced to taenite for a longer heating duration (6 hr).
IR spectra of the samples heated at 680 C for 0.5Y12 hr are shown in Figure 7 . Sharp peaks of olivine (9.2, 10.0, 10.2, 10.6, 11.3, 11.9, 16.4, 18.9, 19.9, 21.5, 23.8, 28.3, and 34 .7 m, 12 hr) grew gradually from initial broad features. Olivine peaks were barely seen in the 0.5 hr spectrum. After further heating for 6 hr, crystallization was almost complete. A shift of peaks to longer wavelengths due to the change of the Mg/Fe ratio of olivine was also observed (Table 3 ). The atomic Mg/(Mg+Fe) ratio of olivine was estimated very roughly by spectral peak positions as decreasing from 1 to 0.8. We also cannot recognize a peak around 18 m for magnesiowüstite.
DISCUSSION
Estimation of Degree of Crystallization
The spectral evolutions in this study (Fig. 7) suggest a gradual change of the ratio of amorphous and crystalline silicates, in other words, degree of crystallization. A quantitative estimation of the degree of crystallization is necessary for precise analyses of the crystallization process of amorphous silicates. We assume that a spectrum of an intermediate crystallized silicate can be represented by a linear combination of spectra of an amorphous silicate and a completely crystallized silicate. Thus, the mass absorption coefficient of an intermediate crystallized silicate, im , can be written as
where as and xt are the mass absorption coefficients of an amorphous silicate and a crystalline silicate (olivine), respectively, and C IR is defined as the degree of crystallization determined by the IR measurement. Here we ignore the presence of magnesiowüstite, taenite, and pyroxene, because their amounts are so small that their IR features were not detected. Similar fitting with a linear combination of spectra for proposed materials is often used to analyze observed astronomical spectra (e.g., Honda et al. 2003) . The IR spectra of the heated samples were fitted with equation (2) by the least-squares method, and the values of C IR obtained. In the present experiments, because of the multicomponent system of the starting material, olivine crystallized from the amorphous silicate and the residual silicate might change their compositions during crystallization. However, we used xt and as as the spectrum of olivine with a Mg/(Mg+Fe) ratio of 0.907 (San Carlos; Koike et al. 2003) , and that of the starting material, respectively. The chemical composition of olivine does not affect the fitting results very much in the narrow range of the Mg /(Mg+Fe) ratio. Since the compositional change of the amorphous silicate affects the results especially in the fitting range around 10 m, the fit was made in the range from 10.6 to 11.7 m, which includes the strongest peak of olivine. An example of the fitting results is shown in Figure 8 (700 C, 0.5 hr). The solid, dashed, and dotted lines indicate the observed and fitted spectrum and their residue, respectively. From the fitting, we can obtain the degree of crystallization, C IR . There is a slight difference between the observed and the fitted spectra, because the chemical compositions of both of olivine and the amorphous silicate change through the crystallization process.
The degrees of crystallization at a series of heating temperatures and for a series of heating durations are plotted in Figures 9 and  10 , respectively. Some errors of the fit are present, due to the assumptions of the constant compositions of olivine and the amorphous silicate, and neglect of minor phases (magnesiowüstite, taenite, and pyroxene). From the fit, we can discuss the crystallization process.
With increasing temperature and for a constant heating duration, C IR increases from 0 to approximately 0.8 (Fig. 9) . At a constant temperature (680 C), C IR increases with the heating duration and saturates at a constant value of approximately 0.65 (Fig. 10) . These results indicate that complete crystallization did not occur, and amorphous silicates remained in the run products. At 1200 C, where the temperature exceeds the solidus temperature (about 780 C), glass quenched from melt is present (Fig. 5 ). In case of lower temperature heating below solidus, Al, Ca, and Na-bearing phases, such as plagioclase and/or nepheline, should be present by complete crystallization. Since crystallization of these phases should be much slower than Mg, Fe, Si-rich phases, the run products in the present experiments can be regarded as olivine, minor crystalline materials, and the metastable residual amorphous silicates.
Formulation of Crystallization Process
We can formulate the time evolution of the degree of crystallization (Fig. 10) using the Johnson-Mehl-Avrami (JMA) equation (Burke 1965) for the kinetics of transformation processes,
where X is the transform fraction, is the time constant of the transformation, and n is a kinetic parameter which depends on crystallization kinetics. We modified equation (3) for the present study as
where C 1 is a constant corresponding to C IR at infinite time. This upper limit of saturated growth should correspond to the final metastable state of the heated samples, including olivine and the amorphous silicate. The solid line in Figure 10 shows the best-fit curve found with the 2 method using equation (4) with values for n, , and C 1 of 1:16 AE 0:17, 9140 AE 1300 s, and 0:638 AE 0:033, respectively (determination coefficient 0.991).
According to Burke (1965) , a JMA equation with n ¼ 1:5 was derived from theoretical crystallization models of threedimensional diffusion-controlled growth from a state in which the number of nuclei is constant, or one-dimensional diffusioncontrolled growth with a constant nucleation rate. On the other hand, a model of the JMA equation with n ¼ 2:5 was obtained by three-dimensional diffusion-controlled growth with a constant nucleation rate. Three-dimensional crystal growth is probably suitable for crystallization of olivine. The value of n ($1.2) obtained from the present experiments is consistent with the theoretical crystallization model of three-dimensional diffusion-controlled growth from a constant number of nuclei (n ¼ 1:5). Moreover, a state in which the number of nuclei is constant suggests that the starting material contains tiny crystallites such as magnetite and ferrihydrite as nucleation sites of olivine crystals. Thus, the crystallization of olivine in this work occurs by heterogeneous nucleation on tiny crystallites already present in the starting material.
As a preliminary investigation, the temperature dependence of was estimated with equation (4) using C IR of the samples heated at the different temperatures. We assumed C 1 and n as the values of the heating at 680 C, although these values probably depend on temperature. Since the crystallization kinetics of the partially melted sample (1200 C) were different from those of the other samples, that sample was neglected in this analyses. The temperature dependence of was fitted by the Arrhenius equation,
where 0 is a frequency factor, E a is the activation energy of crystallization, k B is the Boltzmann constant, and T is the absolute temperature. As a fitting result of temperature dependence of with parameters of 0 and E a /k B , we obtained values of 0 and E a /k B as 1 ; 10 12 s À1 and 4 ; 10 4 K, respectively. Because the time evolution of C IR at different temperatures is not obtained in the present experiment, these values are not accurate, and we cannot interpolate or extrapolate the JMA equation to high or low temperatures. If a more precise value of E a is obtained by more detailed experiments, we can discuss the time evolution of C IR of circumstellar silicates at arbitrary temperatures. 4.3. Implication for Spectral ''Stall' ' Hallenbeck et al. (1998) carried out similar crystallization experiments using smoke. They reported that there was no IR spectral change between 10.5 and 48 hr of the heating at 1027 K, which they called a ''stall'' phase. In our experiment, however, crystalline peaks gradually increased, and the stall spectrum did not appear (Fig. 6) . Thompson & Tang (2001) suggested that the stall time was required when tetrahedral SiO 4 units re-formed in amorphous phase to increase the number of nonbridging oxygen atoms. Kamitsuji et al. (2005) performed crystallization experiments on Mg silicate grains, and also found prenucleation structural changes of Mg silicate before crystallization by direct TEM observation. These processes should correspond to a nucleation delay in the early stage of crystallization. If a transformation starts by nucleation and is followed by diffusion-controlled growth, the degree-of-crystallization time curve has a sigmoidal shape, which is typically represented by the JMA equation with n ¼ 2:5.
However, in the experiment of Hallenbeck et al. (1998) , there were two stages in the spectral evolution. Crystallization occurred from the beginning to 10.5 hr of the heating, and after the stall phase, crystallization proceeded again. Rietmeijer et al. (2002) observed their starting material under TEM and found that it was heterogeneous and contained tiny crystals of tridymite, periclase, and forsterite. Therefore, from the point of view of our discussion and considering the JMA equation, the two-step crystallization phenomena with a ''stall'' should be regarded as combination of crystal growth on pre-existing nuclei in the starting material, and a new crystallization process by nucleation of a new phase and its crystal growth. Because diffusion at temperatures in the experiments of Hallenbeck et al. (1027 K) is so slow that only a limited number of crystals can grow near the pre-existing nuclei, further nucleation should be required in regions far from the nuclei. In the present experiments, the starting material contained Fe. Since diffusion of Fe cation occurs faster than that of Mg cation (Kress & Ghiorso 1995) , we believe that crystal growth of olivine could proceed continuously, and the stall phase would not be observed.
Implication for Crystallization Nature of Circumstellar Silicate Dust
Our experimental results and comparison with previous studies indicate clearly that the properties of precursor materials of crystalline silicates strongly influence their crystallization processes. The interstellar silicates, which are considered to be precursor materials for circumstellar crystalline silicates of young stars, are believed to be amorphous based on IR observation (e.g., Kemper et al. 2004 ). However, although the starting materials of both Hallenbeck et al. (1998) and our study (Fig. 3) contained tiny crystallites as nucleation sites, their IR spectra showed not crystalline but amorphous features. This suggests that the IR observations cannot detect crystallites in amorphous silicates. Figure 11 is a schematic of the crystallization processes for starting materials with various properties. If circumstellar amorphous silicates do not contain any crystallites before a heating event, crystallization will include nucleation and crystal growth, and can be represented by the JMA equation with n ¼ 2:5 (curve C in Fig. 11 ). If circumstellar amorphous silicates have some crystallites, such as the Mg-pure and Fe-free silicate smoke of Hallenbeck et al. and the FeO-bearing starting material in this study, nucleation is not initially needed. As discussed in the previous section, crystallization behavior with some crystallites probably depends on the existence of Fe cation in the precursor amorphous material. The other cations, such as Al, Na, Ca, and Ni, might not affect the process very much, since olivine does not include these cations, and they are in minor abundances. FeO-bearing amorphous silicates might crystallize as predicted by the JMA equation with n ¼ 1:5 (curve A in Fig. 11 ), such as in the present experiment, whereas Fe-free amorphous silicates might show a ''stall'' during their crystallization (curve B in Fig. 11 ), such as in Hallenbeck et al. (1998) .
While the chemistry of cosmic dust is controversial, in the present study, the heated samples contained olivine which crystallized from the FeO-bearing amorphous silicate. The IR peak positions indicate that the chemical composition of the crystallized olivine is Mg-rich, from 1 to 0.8 for the atomic Mg/(Mg+Fe) ratio. This experimental result suggests the possibility of Mg-rich olivine crystallization from Fe-bearing amorphous silicates by heating. The FeO content of the interstellar silicate is not known, and is under investigation. On the other hand, it has been suggested that the circumstellar crystalline silicates of young stars are Mg-rich and Fe-poor, based on the olivine 11.2 m feature in the mid-IR observation and the distinctive 69 m feature (Malfait et al. 1998) . Our experimental result agree with those observational results. The chemical composition of silicates still needs to be clarified.
CONCLUSIONS
We synthesized an amorphous silicate with CI chondritic composition as an analog of circumstellar silicate dust. Heating experiments were carried out at 660 Y1200 C for 0.5Y12 hr to examine crystallization of the amorphous silicate. Olivine was mainly crystallized from the starting material. The observed IR peak positions suggested that the atomic Mg/(Mg+Fe) ratio of the olivine decreased from 1 to 0.8 through crystallization.
We estimated the degree of crystallization of the heating samples quantitatively based on fitting of their IR spectra near 11.2 m using individual spectra of olivine with a Mg/(Mg+Fe) ratio of 0.907 and amorphous silicate. The time evolution of the crystallization can be formulated by the Johnson-Mehl-Avrami equation (Burke 1965 ) with a power of about 1.2, which is consistent with a theoretical crystallization model of three-dimensional diffusioncontrolled growth from a state with a constant number of nuclei. The constant number of nuclei corresponds to the condition that the starting material contains crystallites, such as magnetite and ferrihydrite, as nucleation sites for the olivine crystals.
From a quantitative analyses, we suggest that crystallization processes in circumstellar regions should depend on the properties of the interstellar amorphous silicates, such as the existence of crystallites and/or the Fe content. We propose a model of crystallization processes for various initial properties of circumstellar silicates of young stars (Fig. 11) . However, because there is still relatively little information about the interstellar dust, details of crystallization processes in circumstellar environments are still unclear. Additional crystallization experiments on variously controlled amorphous silicates will lead to a more precise understanding of the precursor material and the formation condition of circumstellar crystalline silicates.
